Abstract Circular dichroism (CD) spectroscopy is a fast, powerful, well-established, and widely used analytical technique in the biophysical and structural biology community to study protein secondary structure and to track changes in protein conformation in different environments. The use of the intense light of a synchrotron beam as the light source for collecting CD measurements has emerged as an enhanced method, known as synchrotron radiation circular dichroism (SRCD) spectroscopy, that has several advantages over the conventional CD method, including a significant spectral range extension for data collection, deeper access to the lower limit (cut-off) of conventional CD spectroscopy, an improved signal-to-noise ratio to increase accuracy in the measurements, and the possibility to collect measurements in highly absorbing solutions. In this review, we discuss different applications of the SRCD technique by researchers from Latin America. In this context, we specifically look at the use of this method for examining the secondary structure and conformational behavior of proteins belonging to the four main classes of the hierarchical protein domain classification CATH (Class, Architecture, Topology, Homology) database, focusing on the advantages and improvements associated with SRCD spectroscopy in terms of characterizing proteins composed of different structural elements.
Introduction
The phenomenon of circular dichroism (CD) is based on the difference of absorption between a left-and a right-handed circularly polarized light, which arises after such radiation passes through an optically active (chiral) molecule (Wallace and Janes 2009; Ranijbar et al. 2009 ). In the CD spectrum of a substance, the slight differences in absorbance between these two components of light are measured as a function of the wavelength. Ultraviolet (UV) CD spectroscopy is widely used as an analytical technique to investigate the native fold of soluble (Kelly et al. 2005 ) and membrane proteins, and to follow the conformational changes in their secondary structure (Greenfield 2006) , because the CD spectra of proteins are extremely sensitive to the molecular conformations they adopt. At the far-UV region (190-250 nm) , one of the main chromophores to be monitored in the CD spectrum of a protein is the peptide bond (Kelly et al. 2005) . Consequently, the electronic transitions in amide groups of the peptide backbone can be described as specific differential absorption bands whose positions are affected by the particular regular structure adopted by the polypeptide chain.
The technique of CD is a fast and powerful spectroscopic method and highly complimentary to other biophysical methods used to characterize proteins and their interactions with partners at molecular level (Poklar 2017) , such as the small angle X-ray scattering, different approaches of fluorescence spectroscopy, spin paramagnetic resonance, nuclear magnetic resonance, surface plasmon resonance, and calorimetry. The broad dissemination and the large use of UV-CD spectroscopy among the biochemistry/biophysics community to study proteins is supported by a list of practical advantages of the technique (Wallace and Janes 2009) , such as easy sample preparation (proteins are diluted in an appropriated buffer or deposited in dehydrated films), small amount of material required (usual protein concentration is about 0.1-0.15 mg/ ml), nondestructive procedure (after measurement, sample recovery is possible), fast measurements (collecting one spectrum may take~10 min), easy interpretation of spectral bands in terms of protein conformation (all canonical types of secondary structure have bands at well-defined positions within the far-UV region), and accessibility to online softwares/ webservers (Sreerama et al. 2000; Whitmore et al. 2004; Micsonai et al. 2015) that have been developed to estimate protein secondary structure from the characteristic CD spectrum profile.
However, although CD spectrometry is a widely applied method, under specific conditions CD measurements may occasionally present severe limitations that hamper the collection of a good quality spectrum (Kelly et al. 2005; Wallace and Janes 2009) . Aggregated/turbid samples or solutions containing large particles (including lipid vesicles) may cause light scattering that can interfere with the quality of the CD measurement. Moreover, some of the commonly used buffers (such as HEPES, borate/acetate, citrate) and/or components used for exposing protein structure to different environments (such as sodium chloride, glycerol, urea, guanidine chloride, β-mercaptoethanol, dithiothreitol) may interact with far-UV light to increase the buffer's absorption of light. As a consequence, the quality of the spectrum will be affected, especially below the 200 nm region, where an abrupt decrease in the intensity of the light source emitting from CD equipment (Xenon arc lamp) is observed (Wallace 2009 ). Therefore, estimations of the structural content from a CD spectrum collected under any of these conditions may be poor and very limited.
A recent alternative to overcome the limitations found in the conventional CD technique uses the radiation from a synchrotron beam as the light source to collect CD measurements (Sutherland et al. 1992; Wallace 2000 Wallace , 2009 . The higher flux of photons of a synchrotron beam within the low wavelength UV region results in a significant spectral range extension for data collection. The additional wavelength range added to the CD spectrum is further converted into extra structural information on the protein studied. This method is called synchrotron radiation circular dichroism (SRCD) spectroscopy and represents not only a more accurate alternative, but also a more precise, and more sensible approach to the investigation of changes (even subtle) in the secondary structure of proteins and to the monitoring of their dynamic conformational behavior.
Many research groups have used SRCD spectroscopy to examine and estimate the secondary structure content of proteins (Lees et al. 2006; Matsuo and Gekko 2013; Garcia et al. 2013; Hussain et al. 2016; Lopes et al. 2016; Miler et al. 2016) . The technique has been successfully employed to characterize the insertion and orientation of helical peptides in lipid bilayers (Bürck et al. 2016) or compare the behavior of globular and natively unfolded proteins (Ruskamo et al. 2012; Yoneda et al. 2017) , investigate protein/peptide structure in model membranes Dreschler et al. 2009 ), assess the dynamic and flexible conformation of unordered proteins (Lopes et al. 2014a, b; Bremer et al. 2017) , evaluate protein:protein complex formation (Cowieson et al. 2008; Lopes et al. 2013) , detect conformational changes induced by the binding to ligands (Lima et al. 2013) , perform fold recognition and obtain an accurate distinction between parallel and antiparallel β-sheets (Micsonai et al. 2015) and identify the conformational changes associated with a mutant protein (Wallace et al. 2004 ). Likewise, a remarkable application of SRCD spectroscopy is defining of the structure at the residue level of the C-terminal domain in a prokaryotic voltage-gated sodium channel (Powl et al. 2010) . The high precision, reproducibility, and accuracy of the SRCD method (not commonly achieved with conventional CD spectroscopy) are required to produce the level of details described in such applications.
In this paper, we review the use of the SRCD method in studies conducted by researchers in Latin America, describing the different applications of the technique to investigate the secondary structure of proteins that belong to the four classes of CATH (Class, Architecture, Topology, Homology) database (Orengo et al. 1997) and their conformational behavior when exposed to changes in physical chemical properties and/ or in the presence of molecular partners. We focus on the advantages of the SRCD method and the improvements gained with its use.
SRCD to estimate protein secondary structure Class 1: The all-α proteins Determining the presence of the regular secondary structure α-helix in a protein structure is a relatively straightforward identification process by conventional CD and SRCD spectroscopy due to the large electric macrodipole of the α-helix interacting with the polarized light. The helix dipole arises due to the orientation of the peptide bond, resulting in the alignment of the individual peptide dipole moments parallel to the α-helix axis (~97% of the peptide dipole moments point in the direction of the helix axis; Wada 1976) . Proteins with a secondary structure composed entirely of α-helices or those containing a major core of α-helices with small number of isolated β-elements on its periphery belong to the class of all-α proteins. All-α proteins are quite good systems to be investigated by CD spectroscopy because of the high magnitudes of the α-helix spectral bands, which present negative bands at 222 and 208 nm and a positive maximum band at 192 nm (Fig. 1) .
The S100 proteins are members of this class and share a highly conserved helical folding across different species. The recombinant S100A12 (previously described in Garcia et al. 2008 ) is a typical all-α protein that had its secondary structure first investigated with conventional CD and then with SRCD spectroscopy (Garcia et al. (2013) . Porcine S100A12 is a relatively small (11 kDa) calcium binding protein with two EFhand motifs and an additional zinc binding site at the C-terminus. The major helix content estimated for S100A12 with CD spectroscopy (~75%) is in agreement with its classification in the CATH class. SRCD spectroscopy, however, was employed to monitor more accurately the secondary structure content of the recombinant protein (Garcia et al. 2013) and to investigate the intermolecular interactions relevant to its role as a peripheral membrane protein. Such investigations require the use of biomembrane models (phospholipids vesicles) in high concentrations, which may promote light scattering that in turn hampers the quality of the CD spectrum in the CD method.
The SRCD spectrum of S100A12 (Fig. 1a) presented spectral bands in the far-UV wavelength region that are typical of a mainly α-helical protein, such as the negative peaks at 222 nm and 208 nm and the positive maximum peak at 192 nm. In addition, the SRCD spectrum of this calcium binding protein in aqueous solution showed an additional shoulder in the lowwavelength region at 180-185 nm that was not accessed in previous studies. Estimations of the structural content from the S100A12 SRCD spectra revealed that the protein is mainly composed of α-helices (63%), but with a significant content of either turns or unordered structure (~22%). Therefore, a mismatching of 12% in the helix content was evidenced when Fig. 1 Synchrotron radiation circular dichroism (SRCD) spectra of proteins representative of the four different CATH (Class, Architecture, Topology, Homology) classes. a SRCD spectra of the proteins S100A12 (black), hemoglobin (red), concanavalin A (ConA; blue), PmEst (green), CnGRASP (gray), and MEG-14 (magenta) in aqueous solution. Adapted from Garcia et al. (2013) , Yoneda et al. (2017) , Lopes et al. (2013 Lopes et al. ( , 2016 , and Mendes et al. (2016) , with permission. b SRCD spectra of the dehydrated film of hemoglobin (red) and ConA (blue). Adapted from Yoneda et al. (2017) . c SRCD spectra of proteins containing mostly α-helical (solid line), mostly β-strand (dashed line), and mostly polyproline (dotted line) structures. Adapted from Wallace and Janes 2009. Error bars express the standard deviation (SD) of each measurement estimations performed with conventional CD (Garcia et al. 2008 ) were compared with those performed by SRCD (Garcia et al. 2013 ). The authors of these studies attributed the mismatching to the limitations of the conventional CD method, especially in terms of monitoring the positive peak at 192 nm (which was completely observed with SRCD spectroscopy). Moreover, deconvolution of the S100A12 SRCD spectrum into structural content (Table 1 ) was much closer to that seen in the crystal structure of human S100A12 [63% helix in Protein Data Bank (PDB) ID 2WCE] or to the bioinformatics predictions for the homology model to the porcine S100A12 (65% helix), revealing that the SRCD method may allow for an increased accuracy for estimating the secondary structure of proteins.
Another canonical α-helical protein studied with SRCD was hemoglobin. The major helix content of hemoglobin was seen both in aqueous solution (Fig. 1a ) and when the protein was measured in a partially dehydrated film (Fig. 1b) deposited on the surface of quartz or calcium fluoride plates. The three-dimensional (3D) structure of globular proteins is stabilized by electrostatic forces, hydrogen bonds, hydrophobic interactions, van der Walls forces, and a substantial amount of water molecules. The removal of water may affect the structure and stability of proteins depending on how the water is removed: by fast removal, as in the lyophilization process, or slow removal, as in dry films.
Using SRCD, Yoneda et al. (2017) investigated the removal of water from proteins in a soft manner (dry films) and described the use of partially dehydrated films as a potential and useful approach to examine the structure of proteins with SRCD, since the secondary structure of globular proteins were shown to exhibit only minor changes upon removal of bulk water during film formation. However, these authors also pointed out that the group of proteins possessing significant irregular structure under dehydration conditions demonstrated a very distinct structural behavior . As bulk water was removed (during film formation), the disordered content of the protein changed, and there was a large gain of regular structure, with a larger number of folded conformations. This increase in regular structure was evidenced by an increase in the band around 224 nm in their CD spectra. The approach of collecting SRCD measurements in dehydrated films allowed accessing the region of vacuum-UV wavelengths below 170 nm, which is not possible in aqueous solution because of the strong water absorption peak near this wavelength. Therefore, the authors could collect an extended SRCD spectrum up to~125 nm and monitor additional spectral bands within this region. For a major α-helix protein like hemoglobin, the additional spectral bands were described as a broad minimum at 165 nm and an intense maximum at 142 nm (Fig. 1b) .
Class 2: The β-rich proteins
The β-strand is another regular secondary structure of a polypeptide chain that puts the backbone in a more extended conformation than it assumes in an α-helix. The β-strands can be arranged together in β-sheets with optimal dihedral angles and close hydrogen bonding distances, in which chains are nearly completely extended. Using data collected from a laboratorybased machine, the correct assignment and the estimations of the structural content of a β-rich protein are not as precise as that performed for an all-α protein due to the almost insignificant net dipole moment of a β-strand structure, which results in spectral bands of small magnitudes presenting with a negative band at 216 nm and a positive band at 198 nm (Fig. 1c) . Moreover, in the region accessed by the conventional CD method, both α-helices and β-strands present minima and maxima at very similar positions, making it difficult to make a clear distinction between these individual spectral bands when both regular structures are present. Therefore, the use of the SRCD method for studying β-rich proteins has the important advantage of extending the spectral range to the low wavelength UV-region where the magnitudes and the peak positions for α-helices and β-strands are better distinguished. Lopes et al. (2013 Lopes et al. ( , 2016 The structural content of the all-β protein concanavalin A (ConA) from Canavalia ensiformis was investigated with SRCD by Yoneda et al. (2017) . The structural content of ConA is predominantly organized in β-strands (~48%) with an almost negligible content of helices (~3%). The approach using dehydrated film to obtain the SRCD spectrum of ConA (Fig. 1b) enabled the authors to extend the spectral range significantly to up to~125 nm. Accessing the low wavelength UV-region of this β-rich protein helped to overcome the limitations found with the CD method, enabling the β-content to be distinguished. The additional peaks for characterizing the β-strand structure in ConA were a minimum at 175 nm (while at this wavelength, the spectral band for α-helix is a positive maximum) and a broad positive maximum at 160-140 nm (while negative values are found for the α-helix structure).
When working with proteins in aqueous solutions, going deep to wavelengths of below 170 nm is not possible. In any event, the information provided with conventional CD method is limited at an early stage, at~190 nm (Wallace and Janes 2009). Therefore, the CD spectrum is less accurate in terms of estimating the structural content in all-β proteins than the spectrum collected the SRCD method, which could range to 170 nm, thereby accessing some of the additional bands for this regular secondary structure between 190 and 170 nm.
Class 3: The mixed α-β proteins
Proteins with a secondary structure containing a mix of α-helix and β-strands are found in two different arrangements: (1) the α/β-proteins, which in addition to the α-helix content present high amounts of β-strands, with both elements alternating along the backbone; (2) the (α + β)-proteins, which present two separate domains, one composed of α-helices and other major composed of β-strands. The ability to access the low wavelength region with SRCD, which is where the two canonical structures, the α-helix and β-strands, present different peak positions and spectral bands of opposite magnitudes, truly improves the quantitative analyses of both mixed α/β-and (α + β)-proteins.
Similar to the failure observed in the class of all-β proteins, the estimations of secondary structure in this mixed class tend to be equally problematic and less reliable using conventional CD spectroscopy. These limitations of CD spectroscopy are due to the high diversity of possible β-structures, which is manifested not only in antiparallel or parallel orientation of the neighboring β-strands, but also in variations in length, extent, direction, degree of twist, and distortion of the β-sheets (Micsonai et al. 2015) , and also to the lower spectral amplitudes of the β-content, which can cause a super estimation of the helical content over the β-structure.
An example of a protein containing this mixed α-β folding was studied by Lopes et al. (2016) with SRCD spectroscopy. The protein (named PmEst) was originally produced by the extremophile organism Petrotoga mobilis and exhibits hydrolytic activity on short acyl chains esters. While no crystal structure for PmEst is available, the homology model predicted for its 3D structure was used in comparison with the structural content estimated with the SRCD method and bioinformatics analyses (Lopes et al. 2016 ). Estimations of structural content for PmEst based on the SRCD method were more closely correlated with the homology model than those performed with laboratory-bench CD (see values in Table 1 ). Moreover, it is possible to observe that the SRCD spectrum of PmEst (Fig. 1a) , classified as an α/β-protein, represents an almost a linear combination between the spectra observed for the all-α and all-β proteins, presenting spectral bands at the same positions expected for an all-α protein, but with reduced spectral amplitudes (similar to the all-β proteins).
Class 4: The unordered proteins
Many of the biophysical methods routinely used to investigate the structure of folded proteins fail when applied to investigate the natively unfolded proteins. These proteins, also referred to as intrinsically disordered proteins (IDPs), are a large and relevant group of functional proteins that lack a persistent structure in native conditions, presenting high conformational flexibility and a striking ability to undergo conformational changes upon interactions with molecular partners. Some IDPs can be fully disordered and do not contain any rigid/ fixed 3D structure, thereby lacking any regular content, such as α-helix or β-strands. CD spectroscopy is a very useful tool to study these quite dynamic molecules since it is suitable for identifying the disordered content (due to the presence of the negative band at~198 nm in disordered proteins), following their dynamic behavior, and tracking their disordered-to-order transitions as a response to interactions with a partner.
One of the classic members of the IDPs studied with SRCD by Lopes et al. (2013) was found in the genome of the flatworm parasite Schistosoma mansoni. The genome of this parasite possesses a group of genes with a remarkable and unusual structure (very small size and symmetrical exons), called micro-exon genes (MEGs). Due to the alternatively spliced transcripts to be translated from each gene, the primary structures of proteins coded by MEGs exhibit high variability. The soluble domain of a protein belonging to this group, named MEG-14 (previously described in Lopes et al. 2013) , was found to have no homology with any other known families of proteins in any organism. The primary structure of MEG-14 is in fact intriguing due to the remarkable presence of charged and proline residues spread throughout its sequence and the absence of aromatic residues; these two properties provide the protein with a high propensity to adopt more extended (not folded) conformations. Moreover, experimental evidence reported by Lopes et al. (2013) confirms the complete disordered state of MEG-14 in aqueous solution, such as the unusual migration of MEG-14 during sodium dodecyl sulfatepolyacrylamide electrophoresis, its elution profile in size exclusion chromatography, and the results of bioinformatics analysis with disordered predictions. Nonetheless, the use of SRCD spectroscopy revealed MEG-14 to be a complete disordered protein that is able to assume a more partially folded conformation in response to its binding to partners or changes in the environmental factors.
The major peak observed in the SRCD spectrum of MEG-14 in aqueous solution (Fig. 1a) is a strong negative band at 198 nm, the presence of which is in agreement with its quite disordered state. This typical SRCD spectrum of MEG-14 confirmed both its high disordered content and the absence of any of the canonical secondary structures of a globular protein; since no peaks above 205 nm were observed, this protein lacked any α-helix or β-strands elements. Moreover, as synchrotron radiation was used, an additional spectral band to study IDPs was revealed, which is a small positive peak between 180 and 185 nm. Estimations of secondary structure in MEG-14 were much better after the low wavelength region was considered in the analysis, suggesting~80% disorder in the protein, which is consistent with the sequence-based predictions (Table 1) . Kumagai et al. (2017) also reported the importance of accurately reaching the low UV-wavelength region on CD data when working with IDPs, because the major CD peaks for analyzing the disordered structure occur at wavelengths of <200 nm. The wavelength extension was shown to clearly improve the observation of the full peaks at~198 nm and 185 nm in the SRCD spectrum of an IDP, but also to improve the signal-to-noise level, reducing the errors bars (improving the accuracy of measurement) below 200 nm. Therefore, the SRCD method has many advantages over the conventional CD method when studying IDPS because it allows accessing additional electronic transitions in this group of disordered proteins and provides higher information content in the spectrum which can significantly improve the structural analysis.
In contrast to MEG-14, which is a full IDP, a well-structured protein can also present one or more regions where a local intrinsic disorder is found; these regions are referred to as intrinsically disordered regions (IDRs). Alternatively, a certain degree of disorder within a protein may be found at a specific domain or linker, as in a protein composed of a combination of structured and disordered regions. Such different types of IDRs are equally important to the set of functions that the proteins can have to mediate/participate in various cell mechanisms (van der Lee et al. 2014) . A protein containing IDRs studied with SRCD was investigated by Mendes et al. (2016) when characterizing a member of the Golgi reassembly and stacking proteins (GRASP) family. GRASP are proteins required for the stacking of Golgi cisternae, allowing lateral connections, and for the tethering of vesicles targeted for fusion with the Golgi apparatus (Kinseth et al. 2007 , Feng et al. 2013 ). These proteins have two PDZlike domains in the N-terminal region and a variable and nonconserved serine-and proline-rich domain at the C-terminus. Many functions related to Golgi functionality are attributed to GRASP due to the high number of partners with which they can interact. Since no 3D structure for full-length GRASP is available, except to only PDZ domains structures (Truschel et al. 2011; Feng et al. 2013) , other low resolution techniques, such as spectroscopies, are suitable. The specfic SRCD spectrum of the full-length GRASP from the fungus Cryptococcus neoformans (CnGRASP) (Fig. 1a) was due to a mixed contribution of α/β structures and a large amount of unordered protein; however, the level of disorder differed from that observed for MEG-14. The SRCD spectrum of CnGRASP showed small shifts in the position of the bands assigned to the disordered structure towards the peaks of regular secondary structures (like an α-helix), moving the peaks from 185 and 198 nm to 189 and 205 nm, respectively. Additionally, the small magnitude of the negative peak at 222 nm and a contribution of the signal at 215 nm (feature of β-strands) provide evidence of partially folded regions in CnGRASP.
As a general rule, proteins presenting high contents of α-helix have a stronger CD signal than β-rich and/or unordered/ disordered proteins. Therefore, when other types of regular secondary structure or disordered content present together with a helical structure, they can appear as small shifts in the peak positions of the SRCD spectrum of the α-helix and/or a reduction in the amplitude of the peaks. From the deconvolution of SRCD spectrum and structure prediction, CnGRASP was estimated to have, indeed, multiple disordered regions coexisting with structured regions (Mendes et al. 2016 ).
SRCD to track conformational changes in protein structure
Changes in protein conformation can occur as a response to modifications of the physical chemical properties of the environment (pH, polarity, temperature, ionic strength, concentration, etc.) as these changes may affect the maintenance of the non-covalent bonds that preserve the specific protein structure. Many different biophysical techniques can be employed to track such changes; however, the most common tools are CD/SRCD spectroscopy.
Trifluoroethanol (TFE) is a solvent known to promote conformational changes in the structure of proteins, inducing them to fold into more ordered conformations (Jasanoff et al. 1997) . In order to demonstrate the advantages of using SRCD over conventional CD method, Kumagai and coworkers (Kumagai et al. 2017 ) conducted a series of comparative experiments with MEG-14 and soybean trypsin inhibitor (STI), a protein containing~50% disordered content. The results showed that the improvements gained with SRCD are important in terms of increasing the accuracy of detecting changes, improving the estimations of disordered content, and discriminating between the partially folded states of a natively unfolded protein. Both CD (Fig. 2a) and SRCD (Fig. 2b) approaches were able to monitor the significant α-helix induction in the disordered proteins in the presence of TFE, which were observed by the gradual increase of the two minima at 208 and 222 nm and the positive maximum at 192 nm. Although all changes were observed in the conventional far-UV region, large error bars of <200 nm affected the analysis of the peak at~198 nm when the conventional method was used, while the SRCD approach enabled a more accurate analysis of the changes on the entire negative peak at 198 nm. The SRCD method also showed additional transitions at the 184 nm region. In addition, the signal-to-noise ratio was improved and data were of better quality with the SRCD method, with a lower number of repeated scans than required in the conventional CD method, thereby reducing the time for data collection. Therefore, the improved signal-to-noise level of SRCD might also be considered as a significant advantage of the method.
The unfolding or the thermal denaturation of a protein is a process widely investigated using CD spectroscopy, following the loss of a protein's native conformation via the gradual decrease of the typical spectral bands in the native protein.
The occurrence of conformational changes in a protein as an effect of temperature changes has been performed with proteins belonging to each of the CATH classes (Fig. 3a-d) . Garcia et al. (2008) conducted a thermal melting assay of S100A12 over a range of temperatures from 15°C to 80°C with SRCD; the process was marked by a huge decrease in the spectral bands for the helical content with increasing temperature. Monitoring the spectral changes at fixed ellipticity values (at 222, 202, and 193 nm) resulted in quite good sigmoidal curves, suggesting that S100A12 denaturation occurred in a two-state process, based on the existence of an isodichroic (isosbestic) point in the SRCD curves, which is a good indicator of a true equilibrium process. Lopes et al. (2016) studied the thermal behavior of the enzyme PmEst and found that this enzyme was able to retain its native structure quite stably until 55°C, which is in agreement with the preservation of its hydrolytic activity. When significant changes on the SRCD spectrum of the enzyme were noted (above 55°C), abolishment of the hydrolytic activity of the enzyme was also observed, suggesting that although the enzyme was not complete unfolded, it may assume an inactive conformation.
The effect of temperature in the class of IDPs can also go in the opposite direction of that for globular proteins. The full IDPs usually undergo conformational changes, tending to increase their amount of regular structure with increases in temperature (Recveur-Brechot et al. 2006; Uversky 2009 ). Such disorder-to-order conformational changes were shown in MEG-14 by Lopes et al. (2013) as an almost linear dependence with temperature increase. Albeit subtle, the amplitude changes observed in the SRCD spectra of in the peaks at 198 and 184 nm followed by an increase in the ellipticity values at 222 nm are in agreement with the reduction of its disordered content due to the increase in the strength of hydrophobic interactions at higher temperatures, taking the protein into a more partially folded conformation. However, the transitions caused by the temperature increase were quite reversible, with the disordered protein resuming its complete flexible and unfolded state after exposure to cooling temperature of 25°C. The thermal melting of proteins containing IDRs may show a more predictable behavior than that for globular proteins, but with lower cooperativity between the native/denatured transition. This typical behavior was observed for CnGRASP, which gradually lost its regular Fig. 2 Tracking conformational changes on a protein with SRCD spectroscopy. Comparison of conventional CD (a) and SRCD (b) spectra of MEG-14 in 10 mM sodium phosphate buffer, pH 7.4 (black), and in the presence 25% (gray), 50% (light gray), and 75% (red) trifluoroethanol (TFE). Adapted from Kumagai et al. (2017) with permission secondary structure content with a low cooperativity as temperature increased; the thermal unfolding occurred in an irreversible process.
Conformational changes may also take place in a protein upon its interaction with a molecular partner, which could be a small ligand, an ion, a carbohydrate, a lipid or a lipid membrane, another protein, among others. SRCD spectroscopy has been used to study all of those interactions. The binding of S100A12 to large unilamellar vesicles of zwitterionic and negatively charged phospholipids was clearly demonstrated with SRCD. The use of such lipid systems in conventional CD would have promoted light scattering. However, the scattering caused by the presence of vesicles was quite insignificant when using SRCD spectroscopy to study the binding of the S100A12 in 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) vesicles in the presence of calcium and/or zinc ions (Garcia et al. 2013) , allowing the use of high lipid to protein molar ratios and the collection of the SRCD spectra down tõ 175 nm (Fig. 4a) . Lopes et al. (2014b) employed SRCD spectroscopy to examine peptide-lipid interactions, using synthetic peptides corresponding to the predicted substrate binding sites of the diacylglycerol acyltransferase 1 (DGAT1), a membrane-bound enzyme on which little structural information is available. DGAT1 was predicted to have a large luminal extramembranous loop which includes the FYxDWWN motif common to acyl-CoA cholesterol acyltransferase, and the putative diacylglycerol binding domain HKWCIRHFYKP found in protein kinase C and diacylglycerol kinases. The authors studied the interactions between synthetic peptides corresponding to these two motifs and substrates associated with the triacylglyceride synthesis (oleoyl-CoA and dioleoylglycerol). One of the DGAT1 Garcia et al. (2013) , Lopes et al. (2013 Lopes et al. ( , 2016 , and Mendes et al. (2016) , with permission peptides, named Sit1, exhibited a SRCD spectrum (Fig. 4a) in aqueous solution typical of disordered structures (a negative band at~198 nm and small positive band at~184 nm), with very low per-residue magnitudes due to the high conformational flexibility found in the peptides, and a negative peak at 228 nm, which was attributed to the excitation interactions of the adjacent Trp aromatic residues in this peptide. However, upon binding to oleoyl-CoA (OCoA) conformational changes suggested an increase in ordering (or decrease in disorder) in Sit1, such as the replacement of the 198 nm band by a peak at~207 nm, and the red-shift and increase of the 184 nm peak. These SRCD results were put together with other complementary biophysical techniques to predict Sit1 as a potential site of interaction for the acyl-CoA substrate. Also, as the CoA molecules alone caused no changes in the Sit1 SRCD spectrum, the peptide-substrate binding was considered likely to be due primarily to an interaction with the acyl-chain of the substrate (OCoA).
Protein-protein interactions were studied with SRCD by Orcia et al. (2017) who performed the binding of the disordered protein MEG-14 to its validated partner within a human leukocyte cDNA library, the protein S100A9, which has an important role in the signaling of inflammatory processes in humans (definitive host for the tropical parasite S. mansoni). In order to investigate interactions between these two proteins due to complex formation, the SRCD spectrum of each protein alone was obtained and compared to the spectrum of the proteins incubated together (complex MEG-14/S100A9) and the weighted sum spectrum of the two components (taking into account the different number of residues in the two Fig. 4 Studying protein-partner interactions with SRCD spectroscopy. a S100A12 in the presence of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) liposomes (black) without ions and incubated with liposomes and calcium (red), zinc (green), or both ions (blue). b SRCD spectra of the peptide Sit1 in aqueous solution (black) and titrated with 0.3 mM (red), 0.6 mM (green), and 1.2 mM oleoyl-CoA (OCoA; blue). c SRCD spectra of MEG-14 (black) and S100A12 (red), the weighted sum of the MEG-14 and S100A9 spectra (green), and the spectrum of the solution containing the MEG-14/S100A9 complex (blue). Error bars indicate 1 SD in the repeat measurements. Adapted from Garcia et al. (2013) , Lopes et al. (2014a, b) , and Orcia et al. (2017) with permission proteins). The SRCD analysis showed that the two proteins physically interact to form a complex and that upon formation of the complex, they undergo a conformational change. The formation of the MEG-14/S100A9 complex showed changes associated with an increase in the α-helix content and a significantly reduction in the disordered content of the individual proteins. These results were in good agreement with binding studies performed using other biophysical techniques.
Conclusions and perspectives
Synchrotron radiation circular dichroism spectroscopy is an emerging technique that represents the state-of-the-art of a biophysical method widely used to investigate the secondary structure of proteins and to monitor their conformational behavior in response to changes in the physical-chemical properties of the environment in which they are studied. Researchers in South America have been using this enhanced method in the structural analysis of proteins of different CATH classes The examples of the application of this method reviewed here clearly demonstrate that SRCD spectroscopy possesses a number of practical advantages in terms of monitoring protein structure, protein stability, and protein flexibility/conformational changes. Most of the advantages of SRCD over the conventional CD method are based on the higher flux of photons of the synchrotron radiation, which provides an extended interval for collecting CD data (especially for accessing lower wavelengths in the vacuum-UV region), but also increases the signal-to-noise ratio, providing thereby the potential to collect measurements in high absorbing buffers, as well as a better characterization of protein conformation and better assignment of each individual type of secondary structure. SRCD spectroscopy has been successfully employed to study protein interactions with partners of a distinct nature because of its better signal-to-noise ratio and access to lower wavelengths. Both of these are especially important for examining peptides and proteins upon binding to their partners, especially binding that causes only subtle conformational changes in protein structure, or even those that might include high non-chiral absorption of the partner at low UV-wavelengths.
SRCD measurements have been constantly taken at SRCD beamlines in Europe (UK, France, Denmark, and Germany) and Asia (Japan, Taiwan, and China). Currently, there is no SRCD beamline in operation in any synchrotron facility in the Americas. However, due to the introduction and broad dissemination of the SRCD method within the biophysicist community in Latin America, there is a real urge and discussion for the possible inclusion of this technique at the new Brazilian Synchrotron Light Laboratory (LNLS; http://lnis.cnpem.br) (Sirius Project) in Brazil, which would benefit greatly the use of SRCD on our continent and prompt many other successful examples of applications of the method-hopefully in a near future.
